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ABSTRACT 
 
Crack prevention is often a critical parameter in the design and construction of ground and suspended 
concrete slabs.  Often when the degree of restraint is high, uncontrolled cracking can influence the 
serviceability of a structure.  Designers often use the specification of maximum values for standard 56-
day drying shrinkage tests as determined by Australian Standard AS1012.13 in an attempt to control 
cracking of concrete pavements. 
 
Previous research has shown that the development of tensile stresses, and hence the increased risk of 
crack formation and propagation, is linked to events that take place in the first four to six hours after 
placement. Other work has shown that the results from the AS1012.13 drying shrinkage test can be 
more variable than those for compressive strength data.  In this paper, the results from an experimental 
program involving the construction and instrumentation of five slabs, made using concrete with nominal 
56-day drying standard shrinkage strains ranging from 450 microstrain to 800 microstrain, are reported.  
The aim was to investigate the relationship between early age shrinkage, which is not measured in the 
standard drying shrinkage test, standard 56-day drying shrinkage strain values and actual strains in 
slabs. 
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1. Introduction 
 
Industrial floor slabs are often at risk of unplanned and uncontrolled cracking, particularly if ambient 
conditions at the time of casting are aggressive. High temperatures combined with low humidity and high 
wind speeds are known to increase the risk of cracking (1,2,3). Current construction practice has seen 
the trend towards the construction of large slabs on grade, often in excess of 40m by 40m. Such slabs 
may be post-tensioned, or if the slabs are reinforced, the slab will be sawn into smaller panels, usually in 
grids between 6m by 6m to 9m by 9m.  
 
The influence of concrete mix design and concrete constituents on drying shrinkage characteristics is 
documented in the literature (4).  Whilst later age cracking and movement are normally thought to be 
caused by concrete drying shrinkage, work in the field in this area suggests that other factors may be as 
important to slab serviceability (2,5).  Anecdotal evidence from slabs cast under field conditions indicates 
that strains, movements and possible cracking can occur earlier rather than later. The lack of appropriate 
curing has been cited as the cause of early cracking in slabs (6).  
 
Previous research investigated the early and later age shrinkage behaviour of highway pavement slabs 
with a low slump concrete, and laboratory and field slabs with a normal slump concrete  (5). This work 
showed that tensile stresses can develop due to restraint and these stresses developed from the first 
hours after casting. The findings by Rebibou et al highlighted the need for care during casting and curing 
to avoid the development of early age tensile stresses (5). The work suggested that such stresses may 
lead to early age cracking, or the initiation of cracks that may later fully develop under drying shrinkage 
(5). 
 
The investigation presented in the current paper follows on from the work undertaken by Rebibou et al 
(5). The early age and drying shrinkage strains of five internal industrial slabs are presented, with 
particular focus on investigating slabs cast using concretes with a range of commercially specified 56-
day standard drying shrinkage values. 
 
2. Laboratory slab details 
 
In 2004, two series (Series I and Series II) of laboratory slabs were cast within the Concrete Laboratory 
of the University of Queensland. The slabs were cast using commercially specified 32MPa concrete 
mixes. The standard mix (S) had a nominal 56-day standard drying shrinkage strain of 650 microstrain 
and was used for the pavement slabs on a recently completed major industrial warehouse slab project.  
The low shrinkage mix (LS) was the same as the standard mix, but with the addition of a shrinkage-
reducing admixture. The target 56-day standard drying shrinkage strain was 450 microstrain. The high 
shrinkage mix (HS) used a greenstone aggregate in the 20mm and 10mm proportions. This aggregate is 
known to produce concrete with relatively high 56-day standard mean drying shrinkage strains of 800 
microstrain. 
 
For Series I experiments, two slabs were cast, one each using the Standard (S) and High Shrinkage 
(HS) concrete mixes. No evaporative retardant was applied, (i.e. no aliphatic alcohol), and the slabs 
were moist cured for seven days after finishing. For Series II, three large slabs were cast, one each 
using the Standard (S), High Shrinkage (HS) and the Low Shrinkage (LS) concrete mixes. Aliphatic 
alcohol was used as soon as the first screeding of the slab was completed and a curing compound was 
applied after finishing. 
 
Series I experiments ran from May 2004 until November 2004. Series II experiments commenced in 
November 2004 and are ongoing. The large slabs measured 1800mm x 1500mm x 180mm., and 
companion small free-shrinkage box slabs measuring 400mm x 400mm in plan were also cast. The slabs 
and small box slabs were cast on 50mm of bedding sand and the moulds were then lined with plastic. 
Research on the use of this free-base condition and companion small box slabs has been detailed 
previously (5). The small box slabs have significantly reduced base restraint and give an indication of the 
“free shrinkage” strain of an unrestrained slab. 
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Table 1 gives details of the 32MPa commercial mixes used in each of the slabs. The concrete was 
batched at commercial batching plants and delivered to the University of Queensland in a similar manner 
to that for most commercial projects. In all mixes a Type GP cement conforming to AS3972 was used. 
Flyash conforming to AS3582 (Fine Grade) was incorporated into the mixes at approximately 25% of the 
binder by weight. Standard water reducing and retarding admixtures conforming to AS1478 were 
incorporated and all aggregates conformed to AS2758.1. 
  
 Target 56-day Drying 
Shrinkage Strain 
Measured 56-day 
Drying Shrinkage Strain 
Series I   
Standard (S) 650 670 
High Shrinkage (HS) 800 790 
Series II   
Low Shrinkage (LS) 450 560 
Standard (S) 650 650 
High Shrinkage (HS) 800 720 
 
Table 1: Standard Shrinkage Strains For Mix Designs Used In This Investigation 
 
3. Instrumentation 
 
Strains in the slabs were measured using a low-modulus vibrating wire embedment strain gauge as 
shown in Figure 1. As the strain in the concrete changes, so the frequency of the vibrating wire also 
changes. A manufacturer-supplied calibration allows this change in vibration frequency to be converted 
into a change in strain. To allow measurement of early age strains, an embedment gauge with an epoxy 
composite cylinder was chosen rather than the more robust steel cylinder.  
 
Using previous results that confirmed a linear strain profile through the depth of the slab (5), pairs of 
gauges were installed in the center of the slab and at the edges. For the small box slabs, three central 
gauges were used for Series I and two for Series II. The center-lines of the gauges were located 40mm 
above the slab soffit and 40mm below the top of the slab. 
 
 
Figure 1: Embedment Gauge 
 
As the strain gauges and the concrete have different co-efficients of thermal expansion, a temperature 
correction must be applied to the measured strains. For concrete in the hardened state, this correction is 
of the order of 2 x 10-6/Centigrade. At early ages, the thermal co-efficient of expansion of concrete has 
been shown to be significantly larger (7), and the correction may be of the order of 10 x 10-6/ Centigrade. 
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As the temperature correction has not been included in these data, the early age strain values are not 
interpreted as absolute. Of significance is in the differential strain between the small “free-shrinkage” box 
slabs and the large slabs. Previous work has also shown that the concrete temperature for slabs of such 
depth is essentially uniform through the depth (5). 
 
4. Slab and Specimen Casting Details 
 
The Series I slabs were cast over a four-hour period. The temperature for the duration of the casting 
ranged from 21.8°C to 22.5°C. The lowest relative humidity was recorded during the casting of the high 
shrinkage slabs (33-36%). For the placement of the standard mix, the relative humidity was between 
40% and 42%. For Series I, moist curing commenced immediately after finishing and was continued for 
seven days under plastic sheeting. The plastic sheeting was removed and moist curing ceased when the 
slab was eight days old. 
 
Series II slabs were cast over a five-hour period. Ambient conditions for the duration of the casting 
ranged from 24.0°C to 25.4°C and 46% to 54% relative humidity. Aliphatic alcohol was applied as soon 
as the surface was screeded and a curing compound was applied approximately three to four hours after 
the placement of the concrete. 
 
5. Results – Series I 
 
Strains in the three slabs and corresponding small free shrinkage boxes are shown in Figures 2 and 3 
and the early age strains are shown in Figures 4 and 5.  For the purpose of this discussion, compressive 
shrinkage strains are taken as positive and tensile strains are negative. 
 
The development of strains in the slabs and small box slabs during the first 24 hours is shown in detail in 
Figures 4 and 5.  Within the first four to six hours, strains at the top of the free-shrinkage box slabs were 
250 microstrain (S) and 370 microstrain (HS). By the end of the first 24-hour period, these values 
reduced slightly to 240 microstrain (S) and 350 microstrain (HS). These values then remained constant 
during the moist curing conditions that continued until the beginning of day eight. After this time moist 
curing ceased and the plastic sheeting was removed. An increase in rate of drying shrinkage was noted 
at around day 13. This corresponded to a significant drop in the average ambient relative humidity from 
around 60% to 30%. Measured mid-depth and base strains show similar behavior, although as expected 
the magnitude of the strains and the effect of cessation of moist curing reduces through the depth of the 
slab.  
 
After 180 days the total strains (top) in the small free-shrinkage slabs were 620 microstrain (S) and 730 
microstrain (HS). At 180 days, the changes in strain (top) from the measured values twelve hours after 
casting were 380 microstrain (S) and 380 microstrain (HS). Corresponding changes in strain strains at 
mid-height were 260 (S) and 220 (HS) microstrain respectively. Values for the change in base strains 
were 110 (S) and 90 (HS) microstrain respectively. 
 
Whilst the measured strains in the slabs show similar behavior to the small free-shrinkage box, 
significant differences were observed. As expected, the slab strains after the first four to six hours were 
significantly smaller than for the corresponding small free-shrinkage box, with measured values of 50 
microstrain (S) and 60 microstrain (HS). By the end of the first 24-hour period, these values have 
reduced slightly to 40 microstrain (S) and 40 microstrain (HS). Measured base strains show similar 
behavior, although as expected the magnitude of the strains and the effect of cessation of moist curing 
reduces through the depth of the slab. 
 
After 180 days the total strain (top) in the slabs were 420 microstrain (S) and 450 microstrain (HS). At 
180 days, the changes in strain (top) from the measured values six hours after casting were 370 
microstrain (S) and 390 microstrain (HS).  
 
Table 2 gives a summary of the top strains in both slabs and small free shrinkage box slabs. 
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Slab Strains (Top) 
(microstrain) 
Small Box Slab Strains (Top) 
(microstrain) Time after casting 
S HS S HS 
12 hours 50 60 250 370 
One day 40 40 240 350 
180 days 420 450 620 730 
Change in strain 
from 12 hours to 
180 days 
370 390 380 380 
 
Table 2: Summary Of Strains In Slabs And Small Box Slabs– Series I 
 
Table 3 summaries the differential strains between the slabs and the companion small free shrinkage 
boxes.  The negative values indicate that the larger slabs have been restrained from shrinking, and in 
effect the larger slabs have been subjected to tensile stresses. Both large slabs developed significant 
differential tensile strains in the first four to six hours after casting and these remained constant 
thereafter. 
 
Slab Strain – Small Box Strain  (Top) (microstrain) Time 
S HS 
12 hours -210 -310 
One day -200 -310 
180 days -200 -280 
 
Table 3:Differential Strains Between Slabs And Small Box Slabs– Series I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Slab and Small box Slab Strains - Standard Mix (Series I) 
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Figure 3: Slab and Small box Slab Strains - High Shrinkage Mix (Series I) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Early Age Strains in Slab and Small Box Slab - Standard Mix (Series I) 
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Figure 5: Early Age Strains in Slab and Small Box Slab – High Shrinkage Mix (Series I) 
 
6. Results - Series II 
 
Strains in the three slabs and small box slabs from Series II are shown in Figures 6, 7 and 8. Figures 9, 
10 and 11 show the development of early age strains during the first 24 hours after casting.  
 
A summary of the strains at the top of the slabs and the small free-shrinkage boxes is shown in Table 4. 
The differential strains between the slab and the small free-shrinkage box are given in Table 5. 
 
 
Slab Strains (Top) 
(microstrain) 
Small Box Slab Strains (Top) 
(microstrain) Time 
LS S HS LS S HS 
12 hours 30 -10 -10 50 50 85 
One day 30 -5 -10 55 50 80 
130 days 370 440 400 345 500 495 
Change in 
strain from 
12 hours to 
130 days 
340 450 420 295 450 410 
 
 
Table 4: Summary Of Strains In Slabs And Small Box Slabs - Series II 
 
Slab strain – Small Box Strain (microstrain) Time 
LS S HS 
Six hours -20 -60 -95 
One day -25 -60 -90 
130 days 25 -60 -105 
 
Table 5: Differential Strains Between Slabs And Small Box Slabs - Series II 
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Again the differential tensile stains in the large slabs are established in the first four to six hours after 
casting and remain fundamentally constant thereafter. As expected, the use of aliphatic alcohol 
significantly reduces the both the absolute value of early age strains and the differential tensile strains for 
all three mixes. This is clearly shown in Figures 9, 10 and 11. The strains in the low shrinkage mix (LS) 
large slab and small box slab are smaller than the other two mixes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Slab and Small box Slab Strains  - High Shrinkage Mix (Series II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Slab and Small box Slab Strains - Standard Mix (Series II) 
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Figure 8: Slab and Small box Slab Strains – High Shrinkage Mix (Series II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Early Age Strains in Slab and Small Box Slab – Low Shrinkage Mix (Series II) 
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Figure 10: Early Age Strains in Slab and Small Box Slab - Standard Mix (Series II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Early Age Strains in Slab and Small Box Slab – High Shrinkage Mix (Series II) 
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7. Standard Drying Shrinkage Strains 
 
Previous research has shown that the standard deviation of the AS1012.13 test method is significant and 
that variations in results of typically ± 100 microstrain from a designated value can be expected (4). 
Figure 12 shows the results for a set of 121 samples cast from similar concrete with a nominal standard 
56-day drying shrinkage strain of between 600 to 650 microstrain. The standard deviation was calculated 
at 65 microstrain. These data suggest that whilst different mixes may have mean shrinkage values 130 
microstrain apart, such means would be considered the same at the 95% confidence level.  
 
Recent proposed refinements to the AS3600 shrinkage model have been suggested (8), with the aim of 
addressing the tendency of the current code model to over-predict drying shrinkage strains. Figure 12 
also shows the standard drying shrinkage value as calculated using the modification to AS3600 
proposed by Gilbert (8). As per the current code, a variation band of ± 40% has also been added. The 
current code model would predict a median drying shrinkage strain of 850 microstrain, with a ± 40% 
range of 510 to 1190 microstrain (9). The results in Figure 12 indicate that for the tested concrete mixes, 
the modification to AS3600 proposed by Gilbert (8) provides a significantly improved prediction of the 
standard drying shrinkage strain for the data presented. 
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Figure 12 – Variation in Drying Shrinkage Data for Nominal 32 MPa and 40 MPa Concretes 
 
Rebibou et al previously reported that the current code model (9) overestimated long-term shrinkage 
strains (5).  Figures 13 and 14 show a comparison of measured shrinkage strains from these 
experimental slabs and predicted shrinkage strains using the new proposed model. The measured 
experimental slab strains have the early age strain increment removed. The proposed revised model 
gives a good prediction of the mid-depth strains for the Standard small box slab from Series I (Figure 
13). The same model significantly under-estimates the shrinkage strains for essentially the identical 
concrete cast six months later (Figure 14). This difference will be due to factors not specifically included 
in prediction models, such as the actual variation in ambient conditions, curing method etc. As Gilbert 
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notes, possible variation in the current code may be of the order of 50% (8). The results presented here 
suggest that a variation of ± 40% is appropriate for the proposed model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Measured and Predicted Shrinkage Strains – Standard Mix Small Box Slab Series I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Measured and Predicted Shrinkage Strains – Standard Mix Small Box Slab Series II 
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8. Discussion of Results 
 
The early age strains from Series I slabs are significant (Figures 2-5). It should be noted that these slabs 
were cast in ideal conditions, inside an existing building with no wind or direct sunlight. In more extreme 
conditions the magnitude of these differential strains would be even greater. The high early age strain for 
the high shrinkage mix is most likely due to the drop in relative humidity during the casting phase. The 
results confirm the observations reported by other investigators (5). 
 
For all mixes and all test conditions, the strain differential between the slabs and small box slabs was 
established in the first four to six hours and was effectively maintained for the duration of the test 
(Figures 4,5,9-11). This concurs with previous findings (5) and confirms the observation that reliance on 
56-day standard drying shrinkage strains alone will not guarantee a crack-free slab. Concrete with a 
range of standard shrinkage values all exhibited similar development of early age strains. Protection in 
the early ages, no matter what the nominated standard drying shrinkage strain value, is paramount to 
controlling the development of tensile stresses from differential restraint in the concrete. 
 
As expected, the use of aliphatic alcohol significantly reduced the differential strains between the large 
slabs and the small box slabs (Figures 6-11). Again this was true for all the tested concretes. 
Environmental conditions at the time of casting for both Series I and Series II slabs did not warrant the 
use of protection methods such as the application of aliphatic alcohol. Even so, the results clearly show 
the benefits of its application, even in what appear to be extremely favorable conditions. 
 
These results are generally consistent with the findings by Rebibou et al (5). The long-term base strains 
are generally higher than those previously reported, and this is to be expected as the data reported here 
are for 180mm thick slabs and the previous work investigated 250mm thick slabs. The extent of drying in 
the lower part of the thinner slab is to be expected to be greater than that reported previously (5) 
 
It should be noted that for Series I, the change in strain after the first six hours is almost identical for both 
mixes (Figures 4 and 5), despite the standard 56-day varying between 650 and 800 microstrain. Similar 
results are observed for Series II, except for the low shrinkage mix.  
 
The data presented in Figure 12 show that the proposed changes to AS3600 (8) more accurately reflect 
typical standard drying shrinkage results. However, the results presented in Figures 13 and 14 highlight 
that despite this significant improvement, predicting shrinkage strains in real construction situations is 
inherently difficult due to the variable nature of materials, environment, and construction practices. Whilst 
the draft changes to AS3600 (10) now acknowledge the significance of early age shrinkage strains and 
the potential of associated cracking, these strains do not form part of typical drying shrinkage models.  
 
9. Conclusions 
 
The results presented here confirm the development of early age tensile stresses first reported by 
Rebibou et al (5) in unprotected concrete, regardless of the 56 day drying shrinkage strain.  The 
specification of low standard drying shrinkage strains will not control or prevent this phenomenon. 
Adequate protection and curing are the only means of controlling the development of restrained tensile 
stresses during the first few hours after casting, and hence reduce the risk of unplanned cracking.   
 
Variability of results for standard drying shrinkage tests is to be expected. Whilst the proposed model (8) 
better represents standard drying shrinkage results, this is not reflected in construction specifications that 
predominantly allow no deviation above the specified value.  Specifying absolute values, without an 
allowance for expected reasonable variations does not reflect the variable nature of concrete. 
 
Whilst the proposed refinements for the AS3600 shrinkage model address pertinent issues raised 
elsewhere, the inherent variability of concrete, the construction process, the environment at the time of 
casting, element size and shape, and the environment over the service life of a structure, will always 
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create the possibility of significant variations between measured values from real structures and those 
predicted by any codified model. Current code models do not include the early age strains reported in 
this and previous investigations and further research is imperative to further understand this potentially 
significant cause of cracking in slabs. 
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